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ABSTRACT 

Here we present the Spitzer IRS spectrum of CS Cha, a member of the ^^2 Myr old Chamaeleon 
star-forming region, which reveals an optically thick circumstellar disk truncated at ~43 AU, the 
largest hole modeled in a transitional disk to date. Within this inner hole, ~5xl0~^ lunar masses of 
dust are located in a small optically thin inner region which extends from 0.1 to 1 AU. In addition, 
the disk of CS Cha has bigger grain sizes and more settling than the previously modeled transitional 
disks DM Tau, CM Aur, and CoKu Tau/4, suggesting that CS Cha is in a more advanced state of 
dust evolution. The Spitzer IRS spectrum also shows [Ne II] 12.81 ^m fine-structure emission with 
a luminosity of 1.3 x 10^^ ergs s~^, indicating that optically thin gas is present in this ^^43 AU hole, 
in agreement with Hq measurements and a UV excess which indicate that CS Cha is still accreting 
1.2 X 10~* M© yr~^. We do not find a correlation of the [Ne II] flux with Lx, however, there is a 
possible correlation with M, which if confirmed would suggest that EUV fluxes due to accretion are 
the main agent for formation of the [Ne II] line. 

Subject headings: accretion disks, stars: circumstellar matter, stars: formation, stars: pre-main se- 
quence 



1. INTRODUCTION 



The Spitzer Space Telescope (jWerner et al.ll20d3 ) has 
dramatically improved the ability to study the dust 
in disks by giving us detailed spectral energy distribu- 
tions (SEDs) in the mid-infrared, where the dust domi- 
nates the emission. Spitzer Infrared Spectrograph (IRS; 
[Houck 2004) observations of T Tauri stars have provided 
strong evidence of dust evolution, particularly in the well 
surve yed ^1-2 Myr old Taurus- Auriga star-forming re- 
gion (|Furlan et al.l l2006l ). The most notable evidence 
of dust evolution lies in the observations of transitional 
disks. These disks have characteristics that fall between 
those objects that have clear evidence for disks and those 
objects with no disk material; the SEDs point to radial 
gaps in the disk. All transitional disks have a signiflcant 
deficit of flux in the near-IR which has been explained by 
modeling the disks with truncated optically thick disks 
(lUchida et all 120041 : ICalvet et all l2005t iD'Alessio et"all 
[200ir 

C oKu Tau/4 is one of these transitional di sks in Tau- 
rus ([Forrest et al.ll2004l : ID'Alessio et al.ll2005f) . The SED 
of this object is photospheric below 8 /Ltm and rises at 
longer wavelengths, showing weak silicate emission at 10 
/im; this can be explained by the emission of the frontally 
illuminated edge or "wa ll" of an outer disk t runcated 
at 10 AU from the star (jD'Alessio et al.l 120051 ) and the 
weak silicate emission arises in the atmosphere of the 
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wall. There are no small grains in the inner disk, in 
agreement with CoKu Tau/4's classification as a non- 
accreting, weak T Tauri star. Hydrodynamical simu- 
lations indicate that this gap may be d ue to the for- 
mation of a planet (jOuillen et al.l [200^ . Other stud- 
ies point to photoevap oration of the disk by the star 
() Alexander et all 120061) . Similar to CoKu Tau/4, DM 
Tau has been modeled with an inner disk region free 
of s mall dust and a tru ncated optically thick disk at 3 
AU (jCalvet et al.ll2005L COS). However, this star is stiU 
accreting, indicating that gas should still remain in the 
inner disk region. CM Aur, which is also accreting, was 
modeled by C05 with an optically thick disk truncated 
at 24 AU and a small amount of dust in the inner disk 
which leads to its observed near -IR excess. This disk 
gap could also be due to a planet (jRice et al.l[2b03) . TW 
Hya, a tra nsitional disk in the ;^10 Myr old TW Hya as - 
sociation (jJavawardhana et al.lll999t (Webb "enHflOQl . 
has an outer optically thick disk with a 4 AU hole filled 
with an inner op tically thin region populated by a small 
amount of dust (jCalvet et af] 120021 : lUchida et al.|[2004 ). 

Not only has Spitzer been a powerful tool in explor- 
ing the dust evolution in circumstellar disks, it also has 
the potential to access new probes of the gas evolution 
in these disks, an area of study which is still in its in- 
fancy and largely uncertain. High-resolution molecular 
spectroscopy has permitted us to access abundant molec- 
ular tracers within the inner disk su ch as H2 and CO 
(|Bergin et al.ll2004l: [NaTita et al.ll2007D . A new gas diag- 
nostic has emerged in the mid-infrared with the detec- 
tion of [Ne II] emission with Spitzer. [Ne II] emission 
has been detected from a few T Tauri stars that were 
observed as part of the FEPS Spitzer Legacy program 
(jPascucci et al.ll2007l . P07) as well as in the transitional 
disks CS Cha, DM Tau, and TW Hya (this paper). 

We will present and analyze Spitzer IRS data of CS 
Cha, a transitional disk in the ^2 Myr old Chamaeleon 
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TABLE 1 

Stellar and Model Properties 



Stellar Parameters 



M, (Mq) 


0.91 


R* (Re) 


2.3 


T,{K) 


4205 


L* (L©) 


1.5 


M (M0yr-i) 


1.2 X 10-8 


Distance (pc) 


160 


Av 


0.8 


Wall Parameters 


Rn,all (AU) 


42.7 


a.min (^m) 


0.005 


a-max (Aim) 


5 


Tmall {K) 


90 


Z^all {AUf 


5 


Optically Thick Outer Disk Parameters 


Rci,out {AU) 


300 


e 


0.01 




0.005 


(Mq) 


0.04 


Optically Thin Inner Region Parameters 


Rin,thin {AU) 


0.1 


Rout,thin {AU) 


1 




1.9 




2.1 


Md.thin {Mc-)) 


1.7 X 10^12 



ZiuaU is the height above the disk midplanc 

star-forming region (ILuhmai]|l200l . 

2. OBSERVATIONS 

CS Cha was observed by the Spitzer IRS instrument 
on 11 July 2005 in Staring Mode (AOR ID: 12695808). 
We used the short- and long-wavelength, low-resolution 
(SL, LL) modules of IRS at a resolving power of X/dX = 
60-100. The total exposure time was 28 and 12 seconds 
for SL and LL respe ctively. We reduced the data with 
the SMART package (jHigdon et al.ll2004D . We follow the 
same reduction procedure as COS. The 12.81 /im [Ne II] 
line is not extended and is consistent with the CS Cha 
point source. 

The photometry at 24 and 70 /im was extracted 
from the MIPS post-bed mosaicked images (AOR ID: 
3962112) using the aperture photometry routine in the 
Astronomical Point Source Extract ion (APEX) software 
package developed by the SSC (jMakovoz fc Marleaul 
l2005f ). An aperture of radius 14.94 ", with a sky an- 
nulus between 29.88" and 42.33", was used at 24 fj,m 
while an aperture of radius 29.55", with a sky annulus 
between 39.40" and 68.95", was used at 70 fim. Both 
fluxes were aperture corrected by facto rs of 1-143 at 2 4 
/xm and 1.298 at 70 fim, as calculated bv lSu et al.l(|2006D . 
No color correction was applied. 



3. ANALYSIS 
3.1. Dust Properties 

Figtire [1] shows the SEP of CS Cha consisting 
of optica l TCauvin fc StromI I1992D . 2MASS, L-band 
(iLuhmanI 12004'), Spitzer IR S, IRAS dCa uvin fc Stro^ 
Il992t l. MIPS, and millimeter (jHenning eT al. 1993 ) data 
We a l so show the niedian SED of Taurus fP'Alessi o et al.l 
119991 : iFurlan et al.l 120061 ) which emphasizes the stark 
deficit of flux in the near infrared, an indicator of an inner 
disk hole, which is characteristic of transi tional disks. 

A d istance of 160 pc to Chamaele on I ([Whittet et al.l 
Il997t ) and a spectral type of K6 from iLuhmanI ( 20041 ) are 




log A(/xm) 

Fig. 1.— SED of CS Cha. Optical (open circles), J,H,K (filled 
circles), L-band (open square), Spitzer IRS data (blue solid line), 
IRAS (open triangles), MIPS (closed triangles) and sub-mm (closed 
square) are shown. Red corresponds to observed magnitudes and 
blue symbols are dereddened magnitudes. The short-dashed green 
line with quartiles is the median SED of Taurus and the dotted 
magenta line is the stellar photosphere. [See the electronic edition 
of the Journal for a color version of this figure.] 
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Fig. 2.— SED and model of CS Cha. The solid black Une is 
the best fit model with parameters from Table 1. Separate model 
components are also shown: wall (red short-long-dash line), opti- 
cally thick disk (blue dot-dash), optically thin inner region (green 
long-dashed), stellar photosphere (magenta dotted line). Note that 
the model does not fit the IRAS points. IRAS has a larger field 
of view than Spitzer which could overreport the flux, especially at 
100 /im. However, the model agrees with the MIPS data, which 
has a smaller FOV th an IRAS. We also include SEST 3.3 mm data 
IILommen et al.l 120071) . [See the electronic edition of the Journal 
for a color version of this figure.] 

adopted. The extinction is calculated by fitting the ob- 
served photospheric colors to the photosphere calibrated 
by a stand ard K6 star with an effec tive temperature 
of 4205 K (|Kenvon fc HartmannI [19951) . Dat a are then 
dereddened with an Ay of 0.8 and the lMathii ()1990[ ) red- 
dening law. Stellar parameters (M*, R*, L*) are hsted 
in Table 1; the mass was derived from the Baraffe evolu- 
tionary tracks (Baraffe et al. 2002). An inclination angle 
of 60 degrees to the line of sight is adopted. 

The SED suggests a UV excess which is thought to 
be fo rmed in the accretion sh ock on the stellar sur- 
face (iCalvet fc Gullbrind[l998 l). This is supported by 
Ha equivalent widths of 20 A (|Luhmanl 120041 and 65 
A (lHartiganlll993D. \y hich indicate CS Cha is accreting 
(| White fc Basril 120031) . We calculate a mass accretion 
rate of 1.2 x 10~^ Mp, yT~^ f rom this U-band excess fol- 
lowing lCullbring et al.l (|1998|). with a t vpical uncertainty 
of a factor of 2 or 3 (jCalvet et al.|[2004, ). 

We model CS Cha as a truncated optically thick disk 



The Transitional Disk of CS Cha 



3 



with a frontally illuminated wall and an inner optically 
thin region. The black solid line in Figure [2]is the best fit 
model to the observations; different model components 
are represented by the broken lines. We use a grain-size 
distribution that follows a power-law of the form a^'^ '^, 
where a is the grain radius. The structure and emission 
of the optically thick disk (Figure ^ is calculated with 
model s including dust settling following ^D'Alessi o et al. 
(I2OO6I), where we use mill imeter fluxes (Hcnnin g et al.l 
ll993HLommen et all |2007^ and MIPS to constrain the 
outer disk properties. Input parameters are the stellar 
properties and the mass accretion rate of the disk (M), 
the viscosity parameter (a), the dust composition, and 
the settling parameter e = Cup/Cst, i-e. the mass fraction 
of the small grains in the upper layers relative to th e 
standard dust-to-gas mass ratio (|D'Alessio et al.|[2006D . 
Table 1 shows all relevant values. The disk mass, 0.04 
M0, is determined by the mass surface density which 
is proportional to M/a. This result is n ot inconsistent 
with the disk mass of 0.021 Mq derived byE enning et al.l 
()1993D from 1.3 mm fluxes. 

The optically thick disk has an edge or " wall" directly 
exposed to stellar radiation (Figure [2]). The radiative 
transfer in the wall a tmosphere is calculated following 
iD'Alessio et al.l (|2005l) with the following inputs: stellar 
mass (M*), stellar radius (R*), M, stellar effective tem- 
perature (T*), maximum and minimum grains sizes, tem- 
perature of the optically thin wall atmosphere (Twaii)- 
See Table 1 for the wall's location (Rwaii), maximum 
grain size {&max)j and other parameters. 

The emission at 10 //m comes from the optically thin 
inner region (COS) which extends up to 1 AU from the 
star and has a minimum grain size of 1.9 /im and a max- 
imum grain size of 2.1 /im (Figure [2]). The total emis- 
sion is scaled to the vertical optical depth at 10 ^m. 
To 0.009. This region is populated by ~ 10"^^ Mq 
or ~5xlO~^ M,„oo„ of uniformly distributed dust. This 
small amount of dust leads to the slight 5-8 /im excess 
above the photosphere (most easily seen in Fig. 3). The 
dust in this region is composed of 88% amorphous sili- 
cates, 5% of amorphous carbon, 5% organics, 1% troilite 
and less than 1% of enstatite and forsterite. 

Figure [3] illustrates the necessity of larger grains in 
both the wall and optically thin inner region to fit the 
observations. The solid line corresponds to the model of 
the wall and optically thin region with the larger grain 
sizes which we adopted above. The dotted line corre- 
sponds to models with the smaller, ISM-like grains, as 
are found in the Taurus transitional disks CoKu Tau/4, 
DM Tau, and GM Aur. Figure [3] shows that larger 
grains have better agreement with the slope of the SED 
beyond 15 /xm and are necessary to produce the slight 
near-infrared excess, the shape of the 10 fim feature, and 
the >20 ^m IRS emission in CS Cha. 

3.2. Gas Properties 

We detect [Ne II] fine-structure emission at 12.81 fim 
CPi/2 P3/2) in CS Cha (see Figure E]). Using the 
IRAF tool SPLOT, we find the integrated line flux, 
/ FxdX, to be 4.3 x IQ-^"^ ergs cm'^ s"! or 1.3 x 10^^ 
e rgs s~^. 

iGlassgold. Naiita. fc Igeal (|2007l . GNI07) have recently 
suggested that circumstellar disks exposed to stellar X- 
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Fig. 3. — Models of CS Cha with big grains versus small grains. 
The solid black line corresponds to the model that uses big grains 
and it is the best-fit disk model shown in Figure [2] and Table 1. 
The red dashed line is the model that uses small grains; the wall 
has amax=0.25 /im and the optically thin region has amin =0.005 
fim and amax=0.25 fim. [See the electronic edition of the Journal 
for a color version of this figure.] 

rays would produce [Ne II] fine-structure emission at a 
level that would be detectable with Spitzer in nearby 
star-forming regions. In the GNI07 model, the disk sur- 
face is both ionized and heated by stellar X-rays. Ne 
ions (primarily Ne"*" and Ne^"*") are produced through X- 
ray ionization and destroyed by charge exchange with 
atomic hydrogen and radiative recombination. Alterna- 
tively, HoUenbach & Gorti (in prep) propose that EUV 
photons from the stellar chromosphere and/or stellar ac- 
cretion can create an ionized Hll-region-like layer at the 
disk surface that can also produce significant [Ne II] emis- 
sion. 

4. DISCUSSION & CONCLUSIONS 

CS Cha shows clear evidence of advanced dust evolu- 
tion in relation to other transitional disks: it has sig- 
nificant grain growth and substantial settling in its outer 
disk. The dust in the wall of the outer disk in CS Cha has 
grown to much larger sizes (5 /Ltm) than the dust in the 
transitional disks CoKu Tau/4, DM Tau, GM Aur, and 
TW Hya, all of whic h have maximum grain sizes in the 
outer waU of 0. 25 urn (ID'Alessio et a"Lll2005l:ICaIvet et al.l 
l2005l [2002,: .Uchida et al.ll2004D . and CS Cha has large 
grains in t he inner optically th in region as well, similar to 
TW Hya (iSargent et alll2006[ ). CS Cha also needs more 
settling in the outer disk (e = 0.01) to fit the far-infrared 
and mm data, indicating much higher dust depletion in 
the upper layers than found in GM Aur and DM Tau, 
which were modeled with e = 0.1 (C05). In addition, CS 
Cha further stands out due to its large hole size, having 
the largest modeled to date at ~ 43 AU. This large inner 
hole serves to decrease the mid-infrared dust continuum 
and hence increase the line to continuum ratio, facilitat- 
ing the detection of [Ne II] fine-structure emission. 

The luminosity of the [Ne II] 12.81 /im line in CS Cha 
is strong compared to other [Ne II] detections in disks. 
The luminosity seen in DM Tau is 1.3 x 10^^ ergs s~^ 
and for GM Aur the 5 a upper limit is 7.4 x 10^^ ergs 
s^^ (measured from spectra in C05). TW Hya shows [Ne 
II] emission at 12.81 fim with a luminosity of 3.9 x 10^^ 
ergs s~^ (measured from Uchida et al. 2004). In addition, 
the luminosities seen in four CTTS that were observed 
in the FEPS survey are ^10^^ ergs s"^ (P07). 

To gain insight into the origin of the Neon emission 
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Fig. 4. — Top: L[jVgjj] vs. Ljsf. There is no obvious correla- 
tion. Triangles are from P07, circles correspond to [Ne II] lumi- 
nosities derived in this work. The Lx for CS Cha and TW Hya are 
from Feigelson ct al. (1993) and Kastner, Huenemocrdcr, &: Schulz 
lir999 ) . scaled to 160 and 55 pc, respectively. We show? upper lim- 
its for the L[jve7j] of GM Aur and the Lx of GM Aur and DM 
Tau lINeuhauser et al.|[T995f) . All Lx are from ROSAT and vary 
by a factor of ~2. Bottom: L[jVe//] vs. M. There is a possible 
positive correlation. The M for CS Cha is derived here and M for 
GM Aur and DM Tau are from C05. TW Hya's M is from veiling 
measurements but varies betwe en 0.4 X 10~^ to 10~* Mq yr"-'- 
ijAlcncar & Batalha 2002; Muzer oIIe"eraI|[2000l) . 

we compare L[jve//] to Lx and M in Figure 4. We see 
no apparent correlation between L[jve//] and Lx as was 
reported by P07 and as would be expected from the X- 
ray heating model of GNI07, which suggests that other 
processes like viscous heating, jets, and UV heating are 
involved (GNI07). We find a possible correlation be- 
tween L[jve//] and M which suggests that accretion re- 
lated heating may play a substantial role in producing 



[Ne II] emission. Accretion related processes that affect 
the disk heating are viscous dissipation and irradiation 
by UV emission from the accretion shock region. Calvet 
et al. (2004) show that FUV fluxes scale with Lace, and 
a similar scaling is expected for the EUV; in turn, Hol- 
lenbach & Gorti (in prep.) show that EUV heating and 
ionization can result in significant [Ne II] emission. 

Nevertheless, both the X-ray and EUV heating models 
underpredict the L[Neii] seen in CS Cha (GNI07; P07). 
We note that the optically thin inner region of CS Cha 
is populated by large grains, which would favo r UV flux 
penetration of the gas (jAikawa fc Nomural2006f ) and pos- 
sibly lead to enhanced L[jve/7]- Further exploration of 
the gas and dust in other transitional disks is necessary 
to test any link between these components. Similarly, 
jets and outflows, which are also characteristic of sources 
with higher accretion rates, may contribute to a positive 
trend. High resolution spectroscop y of CS Cha c an ex- 
plore this contribution from the jet (jTakami et al.| [20031. 

CS Cha offers interesting insight into the dust and gas 
evolution of protoplanetary disks and encourages future 
studies. 
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